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Abstract: Open-top light-sheet microscopy is a technique that can potentially enable rapid ex 
vivo inspection of large tissue surfaces and volumes. Here, we have optimized an open-top 
light-sheet (OTLS) microscope and image-processing workflow for the comprehensive 
examination of surgical margin surfaces, and have also developed a novel fluorescent analog 
of H&E staining that is robust for staining fresh unfixed tissues. Our tissue-staining method can 
be achieved within 2.5 minutes followed by OTLS microscopy of lumpectomy surfaces at a 
rate of up to 1.5 cm2/minute. An image atlas is presented to show that OTLS image quality 
surpasses that of intraoperative frozen sectioning and can approximate that of gold-standard 
H&E histology of formalin-fixed paraffin-embedded (FFPE) tissues. Qualitative evidence 
indicates that these intraoperative methods do not interfere with downstream post-operative 
H&E histology and immunohistochemistry. These results should facilitate the translation of 
OTLS microscopy for intraoperative guidance of lumpectomy and other surgical oncology 
procedures. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Approximately 200,000 women in the United States are diagnosed with early-stage invasive 
breast cancer or carcinoma in situ each year, for which breast-conserving surgery (BCS), or 
lumpectomy, has become the preferred first-line treatment [1,2]. Numerous clinical studies 
have shown that there is no difference in overall survival or disease-free survival between 
patients treated with radical mastectomy vs. BCS with postoperative radiation when complete 
tumor resection is achieved [3,4]. However, a significant challenge for lumpectomy is to ensure 
that the tumor is completely resected, which is highly correlated with the rate of local recurrence 
[5,6]. Unfortunately, recent studies have reported that 20-40% of lumpectomy patients require 
additional surgery due to post-operative histopathology revealing that the resection margins are 
positive for carcinoma [7–9]. 

Surgically excised specimens submitted for post-operative histopathological examination 
are first grossly “bread-loafed” into 3- to 5-mm thick serial slices, from which grossly 
suspicious regions are selected for further processing into formalin-fixed paraffin-embedded 
(FFPE) blocks [10]. A 4-µm-thick histology section is typically cut from each tissue block and 
mounted on a glass slide such that each slide displays a cross-section of the specimen from the 
margin surface down towards the core of the sample [10]. Although slide-based histology 
provides a clinical gold-standard for margin assessment, it is a time-consuming and labor-
intensive process [11–15]. Sampling errors are severe due to the selective imaging of only a 
few thin tissue cross-sections from a large specimen, in which <1% of the surgical margin 
surface is visualized [11–15]. In summary, there is a need for an intraoperative technology to 
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enable a comprehensive, non-destructive assessment of lumpectomy margins, which would 
significantly reduce the costs and inconvenience associated with re-excision surgeries and 
would also improve patient outcomes by reducing the likelihood of local recurrence [11–15]. 

As a rapid intraoperative alternative to slow post-operative histology, frozen section 
histology may be performed to guide certain tumor-removal procedures [7,16,17]. However, 
frozen section histology is not ideal for breast tissues due to their high lipid content, which 
leads to significant artifacts [16–21]. In addition, because of the technical challenges of 
preparing adequate numbers of frozen sections within an acceptable intraoperative time frame 
(< 30 minutes), frozen section histology suffers from more-severe sampling limitations than 
post-operative slide-based histology [19–21]. Finally, frozen sectioning leads to tissue 
destruction that can negatively affect the accuracy of post-operative archival pathology [19–
21]. Alternative technologies for nondestructive intraoperative lumpectomy guidance include 
touch preparation cytology [22,23], ultrasound [24–26], specimen radiography [27,28], 
radiofrequency spectroscopy [29,30], optical coherence tomography [31], photoacoustics [32], 
confocal/nonlinear microscopy [33–35], structured illumination microscopy (SIM) [36–38], 
microscopy with UV surface excitation (MUSE) [39–43], and molecular imaging with topically 
applied agents [44–47]. Although most of these methods are in various stages of research 
development or clinical adoption (such as ultrasound and specimen X-ray), the reliability of 
these tools typically falls short of gold-standard histology due to various factors such as limited 
spatial resolution, surface sampling, and contrast [28,29,48]. 

Of these methods, optical-sectioning microscopy offers the potential for robust and rapid 
microscopic inspection of lumpectomy margins that approaches the image quality of gold-
standard histology without requiring destructive physical sectioning [30]. While early systems 
and studies suffered from limited fields of view (< 1 x 1 mm) [49–52], in recent decades, wide-
area imaging of large surgically excised specimens has been achieved with a variety of optical-
sectioning techniques such as confocal microscopy [33,53–57], nonlinear microscopy 
[34,58,59], SIM [37,38,60], and MUSE [39–43]. Confocal and nonlinear microscopy systems 
tend to be slow since they often require a tightly focused laser beam to be raster scanned in 
two-dimensions (2D) over a large tissue surface. SIM and MUSE can rapidly capture 2D 
images of tissue surfaces with a detector array and are relatively cost-effective technologies 
compared with confocal and nonlinear microscopy. However, image contrast is dependent upon 
the axial optical-sectioning thickness of these technologies, which is tunable with SIM but 
tissue-dependent with MUSE (~10 to 25 μm according to previous reports [39]). An additional 
technical constraint of all of these optical imaging systems is that high-numerical-aperture (NA) 
optics are necessary to achieve sub-nuclear resolution (1-2 μm), but this results in a narrow 
depth of focus (<5 μm). A narrow depth of focus can be an impediment for rapid imaging of 
freshly excised tissue specimens, in which surface irregularities can cause the surgical margin 
to come in and out of focus [61–64]. In addition, it is difficult in practice to align large tissue 
surfaces to be perfectly parallel with the focal plane of the microscope during scanned imaging 
[61–64], or to deal with tissue debris that can obscure the margin surface [39]. These challenges 
may ultimately hamper the clinical translation of these techniques. 

In an attempt to overcome some of the technical challenges encountered by previous 
microscopy systems, we have developed an open-top light-sheet (OTLS) microscopy system 
for rapid, wide-area, microscopic imaging of large clinical specimens [65]. In general, light-
sheet microscopy achieves optical sectioning by employing thin “selective” illumination of 
tissues and orthogonal collection of fluorescence signal [66–71]. However, previous light-sheet 
microscopy systems have been designed to image small model organisms rather than to 
accommodate large specimens of arbitrary geometry [66–74]. For the OTLS system utilized in 
this study, tissue specimens are simply placed on a flat glass-plate sample holder without 
elaborate tissue-mounting protocols (i.e. a “flat-bed scanner” for tissues). A solid immersion 
lens (SIL) provides wavefront matching of an illumination and collection beam as they 
transition from air into the higher-index material of the SIL (fused silica, n ~1.46). The beams 
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are then index matched into the tissue sample through a thin oil film (n ~1.46), followed by a 
fused silica plate (n ~1.46) on which the sample is placed. Altogether, this wavefront- and 
index-matching strategy allows for aberration-free imaging (Fig. 1) [65]. This unique open-top 
configuration is convenient for clinical use with essentially no constraints on specimen 
geometry. An initial publication demonstrated the basic feasibility of achieving rapid 
intraoperative pathology of the surfaces of freshly excised specimens with OTLS microscopy, 
using a single-channel acridine orange stain [65]. This initial study also showcased a 
fluorescent analog of H&E staining for fixed biopsy samples, consisting of DRAQ5 as a 
fluorescent analog of hematoxylin (excited at 660 nm) and eosin [65], which naturally 
fluoresces under 488-nm excitation. While this “D&E” staining method allowed for dual-
channel fluorescence imaging that could be false-colored to mimic gold-standard H&E-stained 
tissue sections [65,75], it only performed well for staining fixed, dehydrated samples. Our 
group and others have found that when staining fresh, hydrated specimens, eosin leaks out of 
the tissue during imaging due to poor binding to tissue structures [58,59,65,75], which creates 
an unwanted background signal that limits image contrast. 

In this study, we have optimized the speed, image-processing, and reliability of OTLS 
microscopy, and developed an improved two-color fluorescent analog of H&E staining to 
enable robust intraoperative pathology of lumpectomy margins. We show that our H&E analog 
provides sufficient fluorescence signal to achieve OTLS microscopy at high imaging speed (1.5 
cm2/ minute), and that it eliminates the eosin-leaking problem of the previous “D&E” approach, 
which thereby enables OTLS images to be obtained with superior image contrast. An image 
atlas is presented to show that these methods provide surface images that can approximate the 
quality of gold-standard H&E histology of FFPE tissues. In addition, a preliminary qualitative 
comparison of histology results (H&E histology and immunohistochemistry (IHC)) from 
adjacent tissue surfaces that have either been processed for OTLS microscopy, or are untouched 
by our OTLS methods (control tissue), suggests that our tissue-staining and imaging methods 
do not interfere with downstream post-operative H&E histology and IHC analysis. These 
results will facilitate the translation of OTLS microscopy for intraoperative guidance of 
lumpectomy and other surgical oncology procedures. 

2. Methods 

2.1 Tissue preparation 

To demonstrate rapid pathology of human breast tissues with an open-top light-sheet (OTLS) 
microscope, discarded surgically excised breast specimens were obtained fresh from patients 
undergoing lumpectomies and mastectomies at the University of Washington (UW) medical 
center, under informed consent. All human tissues were collected and de-identified by the 
NorthWest BioTrust (NWBT), a tissue banking resource at the UW, with approval by the UW 
Human Subjects Division. 

Fresh surgically excised breast specimens were obtained for our imaging experiments 
immediately after surgery. After inking all exterior surfaces, each specimen was bisected such 
that the two adjacent cut-surfaces were mirror images of each other. One half of the specimen 
(control specimen) underwent routine histological evaluation (H&E histology and IHC), 
including formalin fixation and paraffin embedding (FFPE). The other half (experimental 
specimen) was stained with SYBR Gold and ATTO 655 N-hydroxysuccinimide ester (NHS 
ester) followed by OTLS microscopy (for < 30 minutes). After OTLS microscopy, the specimen 
was submitted for the same histological evaluation performed on its counterpart. As shown in 
Fig. 2, this study enabled two comparisons: 1) the OTLS surface images were compared to 
gold-standard H&E histological images to demonstrate that the image quality of our technique 
can approximate that of archival H&E histology of FFPE tissues; 2) the histology results (H&E 
and IHC) from experimental specimens (used for OTLS microscopy) were compared to the 
histology results from corresponding control specimens (untouched by OTLS microscopy 
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methods) to show that our staining and imaging methods do not interfere with routine post-
operative H&E histology and IHC analysis. 

2.2 An innovative two-color fluorescent analog of H&E staining 

In this study, SYBR Gold (λEx/Em = 495/537, Thermo Fisher, Cat. No: S11494) was utilized as 
the nuclear stain while ATTO 655 NHS ester (λEx/Em = 655/680, Sigma-Aldrich, Cat. No: 
76245) was utilized as an eosin-mimicking cytoplasmic/stromal stain. SYBR Gold labels 
dsDNA, ssDNA and RNA in both fresh and fixed tissues [76]. NHS esters are widely-used 
amine-reactive functional groups for covalent labeling of primary amines [77] and are 
commonly used to conjugate antibodies to fluorophores and nanoparticles [78–81]. We 
hypothesized that an NHS-ester-functionalized fluorophore could be used as a more robust 
fluorescent analog to eosin, which also stains cytoplasmic proteins indiscriminately, but tends 
to leach out due to weak noncovalent binding. An additional benefit of this approach is that 
since many commercially available fluorophores are available as NHS esters, it is 
straightforward to select fluorophores that avoid spectral cross-talk for dual-channel 
fluorescence imaging, such as SYBR Gold and ATTO 655. 

 

Fig. 1. Schematic of an open-top light-sheet (OTLS) microscope. The OTLS microscope utilizes 
a solid immersion lens (SIL) and thin oil film to provide wavefront- and index-matching of the 
illumination and collection beam paths into tissue at a 45-deg angle of incidence. This unique 
open-top configuration (inset) is versatile for imaging diverse clinical specimens with minimal 
constraints on size and geometry. The 0.03 illumination NA provides an extended depth of focus 
(~400 µm) to accommodate for tissue-surface irregularities, specimen tilt, and tissue debris. 

The following parameters were optimized to achieve high-contrast OTLS images of 
lumpectomy margins with the SYBR Gold and ATTO 655 NHS ester stain: (1) pH of the 
staining solution (from pH = 6.5 to pH = 9.5), which is known to affect the reactivity of NHS 
esters [77]; (2) staining concentration (from 100 nM to 10 µM), which can affect imaging 
sensitivity/speed; and (3) rinsing duration (from 30 sec to 120 sec), which can affect image 
contrast (signal-to-background ratio). As a control experiment, hydrolyzed (inactivated) ATTO 
655 NHS ester was applied to tissue surfaces to verify that the image contrast provided by 
reactive (non-hydrolyzed) ATTO 655 NHS ester was due to covalent labeling rather than non-
covalent binding of the dye to the specimen. In this study, our optimized 2.5-minute tissue-
staining and rinsing protocol utilized a cocktail containing a 1:15,000 v/v dilution of SYBR 
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Gold and 1 μM ATTO 655 NHS ester in 1 × Phosphate-Buffered Saline (PBS, Gibco, Cat. No: 
10010023) at pH 8.0 to stain fresh tissue surfaces for 1 minute, followed by three 30-sec rinse 
steps in 1 × PBS at pH 7.4. 

2.3 An OTLS microscope optimized for rapid dual-channel fluorescence imaging 

An optical schematic of the OTLS system is shown in Fig. 1. Illumination is provided by two 
fiber-coupled diode lasers (Coherent, OBISTM Laser System) at 488 nm and 660 nm, which are 
combined into one single-mode optical fiber (1/e2 focusing NA = 0.12, Core Diameter = 2.5 
μm) and collimated using lens, L1 (f = 25 mm). The collimated beam transmits through a 
cylindrical lens, C1 (NA = 0.03), creating a 2-mm-wide light-sheet (1/e2) with a full-width at 
half maximum (FWHM) thickness of ~7 μm at the beam waist. This is the diffraction-limited 
FWHM resolution in the worst dimension (along the collection axis) of the OTLS microscope 
at 660 nm. The 0.03 illumination NA provides the OTLS system with a depth-of-focus 
(confocal parameter, 2ZR) of ~400 µm. The long depth-of-focus (~400 µm) provides our OTLS 
microscope with the versatility to image diverse clinical specimens that have various degrees 
of pliability and surface irregularity. 

 

Fig. 2. Study design. Freshly excised human breast tissues were inked and bisected immediately 
after lumpectomy procedures. The bisected surface from one half of the specimen (control 
specimen) was processed for routine histology (H&E and IHC). The bisected surface from the 
other half (experimental specimen) was stained and imaged with OTLS microscopy (< 30 
minutes), before being processed for routine histology. OTLS surface images were compared to 
archival H&E histology. In addition, histology images from the experimental and control 
specimens were compared to show that our tissue-staining and imaging techniques do not 
interfere with downstream H&E histology and IHC. 

The OTLS system is equipped with a novel specimen interface [65] (Fig. 1 inset), which is 
comprised of a 7.5-mm-radius fused-silica solid immersion lens (SIL, BMW Optics, n = 1.46), 
a 0.5-mm thick oil layer (Cargille Labs, Cat.No:19571), and a 1-mm-thick fused-silica glass 
plate, which serves as the sample holder (ESCO Optics, 10 × 10 cm2). When performing 
scanned imaging of the specimen, the thin oil layer at the top surface of the SIL, which does 
not evaporate, provides an index-matched interface between the stationary SIL and the 
horizontally translated glass-plate sample holder. Both the illumination and collection beams 
are positioned below the glass-plate sample holder, allowing the OTLS microscope to 
accommodate human tissues of arbitrary size and thickness without physically interfering with 
the illumination and collection optics. The custom SIL (with a radius of 7.5 mm) is truncated 
with a reduced center thickness of 6 mm such that the beam waist (optimal focus) of both light 
beams is located right above the glass plate. Tissue specimens are placed on the glass-plate 
sample holder along with a thin layer of index-matching oil to prevent the specimens from 
drying out and also to improve the index matching between the glass plate and the tissue 
surface. 
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Fluorescence emission is collected using a 4 × objective lens, L2 (fL2 = 43.47 mm, NA = 
0.28), filtered through an emission filter, F1 (Semrock, FF01-496/LP-25), and focused using a 
tube lens, FL (fFL = 150 mm). A dual-channel image-splitting module (Hamamatsu, W-VIEW 
GEMINI) is used to focus the two fluorescent channels onto two halves of a high-speed 
scientific complementary metal-oxide–semiconductor (sCMOS) camera chip (PCO, pco.edge 
4.2). To avoid spectral cross-talk between the two image channels (SYBR Gold and ATTO 655 
NHS ester), the image-splitting module contains a dichroic mirror, DM (Semrock, Di03-R594-
t1-25 × 36), and two separate emission filters, F2 and F3 (Semrock, FF01-685/LP-25 and SP01-
561RU-25). A low-power cylindrical lens, C2 (f = 2000 mm) is placed before the camera to 
provide final correction for astigmatism induced by a slight refractive-index mismatch at the 
oil-tissue interface. There is a total of 5 × magnification between the specimen and the camera 
(1.46 × fFL/fL2 = 5), in which the SIL provides an additional magnification factor that is 
equivalent to its refractive index of ~1.46 [82]. 

The collection objective (Olympus, XLFLUOR 4 × , NA = 0.28) provides a practical field 
of view of ~1.25 mm and a measured lateral resolution (within the plane of the illumination 
light-sheet) of ~2.0 μm. As the illumination light sheet is scanned through the sample, a series 
of dual-channel light-sheet images are captured at an oblique 45-degree angle with an image 
width, w, and adjustable image height, h (Figs. 3(a) and 3(b)). The image width is limited by 
the 1.25-mm field of view of the detection objective (Fig. 3(b)). The combined dual-channel 
image height (Fig. 3(a)) recorded by the camera is 128 vertical camera pixels tall (64 pixels per 
channel, which is ~80 µm in tissues). This reduced crop size is chosen to maximize the imaging 
speed while still accommodating for any tissue irregularities/tilt/debris at the surfaces of the 
lumpectomy specimens. As shown in Fig. 3(b), the distance between images along the scan 
dimension, x, is set as 1.25 μm, which matches the sampling density of the sCMOS camera in 
the y and h directions (1.25 µm per pixel). 

2.4 Optimization of the image acquisition and processing pipeline 

Adjacent volumetric OTLS image strips (1.25-mm wide), as shown in Fig. 3(b), are acquired 
in succession (with 1-mm spacing) using a serpentine scanning pattern to cover the entire 
surface of each specimen up to a maximum size of ~10 × 10 cm2, using a high-speed motorized 
stage (Thorlabs, MLS-203-1). For a raw image size of 1000 pixels (width) by 128 pixels 
(height), along with a 500-μs camera exposure time, the highest imaging speed of the system 
is ~1.5 cm2/minute. In this study, the dual-channel raw image frames (1000 pixels by 128 pixels 
in 16-bit TIFF formats) were acquired at a streaming rate of 1000 pixels × 128 pixels × 2.0 
Byte × 2000 fps = 0.51 GB/s to a dedicated workstation containing a high-speed Redundant 
Array of Independent Disks (RAID) 0 controller with a PCI CameraLink interface. To 
synchronize the stage-scanning mechanism with the image acquisition, a custom LABVIEW 
program was developed. 

In an initial LABVIEW design, raw image frames (1000 pixels by 128 pixels) were first 
buffered to the computer memory as a 1D array (with a total of 128,000 pixels). This 1D array 
was then reshaped into a 2D array for real-time image display. However, when using the NI 
Vision Development Module (NI-IMAQ Write File) to write each 2D array to disk as a TIFF 
file, the write speed was limited to ~0.25 GB/s due to the overhead involved in creating, 
opening, and closing each TIFF file. This slow process was not suitable for time-limited 
applications, such as intraoperative guidance. To overcome this limitation, the Technical Data 
Management Streaming (TDMS) file format (National Instruments) is utilized for high-speed 
data streaming in LABVIEW. In summary, after buffering each raw light-sheet image to the 
computer memory as a 1D array and reshaping this buffer into a 2D array for real-time image 
display, consecutive 2D arrays are concatenated into a pre-initialized TDMS 3D data cube. At 
the end of each volumetric image strip (x-direction scan of the sample with respect to the light 
sheet, as shown in Fig. 3(b)), this TDMS file (3D data cube) can be saved to disk all at once, 
which allows us to maintain the full data streaming speed of 0.51 GB/s. 
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Our light-sheet images are obtained at an oblique 45-deg angle of incidence with respect to 
the specimen surface. However, when stored digitally, these images are arranged as a 
rectangular data cube. Therefore, to restore the correct tissue geometry, the data cubes must be 
sheared by 45 deg in the x-z plane to create a trapezoidal data volume (Fig. 3(c)). A custom 
Python code [83] was written to convert the TDMS file into TIFF images as well as to perform 
the image shearing. 

Fig. 3. Image acquisition and processing of OTLS microscopy. (a) The dual-channel (nuclear 
and cytoplasmic channel) OTLS images occupy a combined height (h) of 128 vertical camera 
pixels (64 pixels per channel, or ~80 µm in tissues). The image height, h = 128 pixels, was 
selected to optimize the imaging speed while accommodating for surface irregularities, specimen 
tilt, and tissue debris. (b) Oblique (45-deg) light-sheet images are captured in succession at a 
sampling pitch of 1.25 μm along the primary tissue-scanning direction, x. The horizontal 
dimension of each image strip is w = 1.25 mm. (c) The raw light-sheet images are initially stored 
in a rectangular data cube. During post-processing, this data cube is sheared by 45 deg in the x-
z plane to transform the data cube into a trapezoidal data volume, which accurately represents 
the geometry of the imaged tissue volume. (d) An extended-depth-of-field (EDF) algorithm [84] 
is applied to extract the irregular surface of the specimen. The two-channel surface-extracted 
image is then false-colored to resemble H&E histology using an algorithm modified from a 
recent publication [86]. (e) After false-color processing, adjacent image strips are registered and 
stitched using an ImageJ grid-stitching algorithm [87]. 

After shearing, an extended-depth of field (EDF) algorithm [84] is applied in ImageJ to the 
cytoplasmic channel, which exhibits more-complete surface staining compared with the nuclear 
channel, to extract the “best-focus” surface (i.e. tissue surface) from each 3D image strip. Once 
the “best-focus” surface has been defined, both of nuclear and cytoplasmic channels at this 
surface are then used in a false-coloring algorithm to mimic H&E histology. This custom false-
coloring code [85] is a modified version of an algorithm described in a recent publication [86] 
(Fig. 3(d)). Adjacent pseudo-colored image strips are then registered and stitched to adjacent 
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image strips using the ImageJ grid-stitching algorithm [87] (Fig. 3(e)). The total image 
processing time (from image-shearing to false-coloring) for a 1-cm by 1-cm sample (~20.4 GB 
of data) is ~15 min. Since this is not ideal for time-limited clinical applications, we are working 
on optimizing the code, including the use of GPUs (see Discussion and conclusion). It should 
also be noted that if the “best-focus” surface of the tissue is defined prior to image processing, 
only a few minutes is required to fully process the OTLS images at one imaging depth. 

3. Results 

We have developed a two-color fluorescent analog of H&E for staining fresh breast tissues, 
and have optimized the speed, image-processing, and reliability of our OTLS microscopy 
system (see Methods for details). By combining our novel tissue-staining method with an 
improved light-sheet imaging system, we demonstrate the ability to achieve intraoperative 
pathology of lumpectomy margins that approximates the image quality of slide-based H&E 
histology without interfering with the current gold standards of H&E histology and IHC (Fig. 
2). 

 

Fig. 4. A comparison of the image quality between OTLS microscopy of eosin-stained (a) and 
ATTO 655 NHS-ester-stained (b) fresh breast tissue surfaces. When staining fresh specimens, 
eosin is not stably bound within the tissue and leaks out of the tissue during imaging (purple 
arrow), which generates a high background that deteriorates the image contrast. The image 
panels in (c) and (d) provide image quality comparisons between frozen-section histology with 
eosin staining, archival FFPE histology with eosin staining, OTLS microscopy with eosin 
staining, and OTLS microscopy with ATTO 655 NHS-ester staining. Results show that the 
ATTO 655 NHS ester provides improved contrast for visualizing tissue structures, such as 
collagen fibers, in comparison to eosin in fresh unfixed tissues. Adipocytes and strands of fibrous 
tissue with stromal cells remained intact after OTLS microscopy and slide-based “H&E” 
histology. However, the same tissue structures are heavily distorted in frozen-section “H&E” 
histology ((d), yellow arrow). 

Figure 4 displays a comparison of the image quality between OTLS microscopy of eosin-
stained vs. ATTO 655 NHS-ester-stained fresh breast tissues. The purple arrowhead in Fig. 4(a) 
indicates that eosin is weakly bound within fresh, unfixed breast tissues, which causes the eosin 
to leak out even after multiple rinse steps. This phenomenon has been seen in other reports in 
the past [58,59,65,75]. Various tissue structures selected from Figs. 4(a) and 4(b) are compared 
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to similar tissue structures from both frozen-section and FFPE histology with eosin staining 
(Figs. 4(c) and 4(d)). Inspection of selected micro-architectural features indicates that the 
ATTO 655 NHS ester stain provides higher-contrast visualization of specific structures, such 
as collagen fibers, than eosin does in fresh, hydrated specimens. Finally, it is apparent that 
nondestructive OTLS microscopy preserves the architecture of the fibroadipose tissue, in a 
manner comparable to archival FFPE histology, whereas underlying architecture of the breast 
tissue is heavily distorted in frozen-section histology (yellow arrowhead). 

 

Fig. 5. A fresh breast specimen (1 cm by 1cm by 0.5 cm, (a)) was first stained with SYBR Gold 
and ATTO 655 NHS ester followed by surface imaging with an OTLS microscope, (b). After 
OTLS microscopy, the same piece of tissue was submitted for archival FFPE histology (H&E), 
(c). Panels (d), (e) and (f) show benign breast lobules (red arrow), a duct (purple arrow) and a 
blood vessel within the adipose tissue (green arrow) that were identified from the OTLS surface 
image, respectively. The corresponding gold-standard H&E images displaying the same tissue 
features demonstrate that OTLS microscopy with the SYBR Gold and ATTO 655 NHS ester 
tissue-staining method can enable rapid and high-quality pathology (1.5 cm2/minute) of a large 
surgical specimen surface. 

An OTLS surface image of a fresh benign breast specimen (1 cm by 1 cm by 0.5 cm) (Fig. 
5) demonstrates that OTLS microscopy can achieve rapid histologic imaging (1.5 cm2/minute) 
of the surface of a large surgical specimen. As shown in Fig. 5, critical breast structures, such 
as the breast lobules (Fig. 5(d)), a duct (Fig. 5(e)) and a blood vessel within the adipose tissue 
(Fig. 5(f)), can be identified in the OTLS surface image. The OTLS images in Fig. 5 were 
compared to corresponding slide-based H&E images of the same specimen after formalin 
fixation and paraffin embedding. The quality of our OTLS surface images is similar to that of 
conventional slide-based H&E images of FFPE tissues, but with slight differences (see 
Discussion and conclusion). 

Figure 6 displays various microarchitectural features imaged with both OTLS microscopy 
and conventional slide-based histology. Figure 6(a) shows a benign breast lobule with insets 
showing individual acini with identifiable lumens. Invasive ductal carcinoma (IDC) with 
Nottingham grade I (Fig. 6(b)) and Nottingham grade II (Fig. 6(c)) are characterized by tumor 
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cells penetrating the basement membrane of the duct and infiltrating the surrounding connective 
tissues. Figure 6(d) is an example of ductal carcinoma in situ with comedonecrosis. 

 

Fig. 6. Various microarchitectural features were identified from the OTLS images, including (a) 
a benign breast lobule where the inset shows individual acini with identifiable lumens, (b) 
invasive ductal carcinoma (IDC) with Nottingham grade I and (c) IDC with Nottingham grade 
II, d) ductal carcinoma in situ with comedonecrosis. 

Finally, routine H&E histology and IHC analysis (ER, PR, and HER2 expression) were 
performed on both control specimens (without OTLS microscopy) and OTLS-microscopy-
processed specimens. Figure 7 shows that the H&E and IHC results from the control specimens 
are qualitatively indistinguishable from the OTLS-microscopy-processed specimens, 
suggesting that our OTLS methods do not interfere with downstream post-operative H&E 
histology and IHC analysis. It is worth mentioning that fluorescent histological assays, such as 
fluorescence in situ hybridization (FISH), have become powerful tools for diagnosing breast 
cancer [88,89]. It is possible that the use of fluorescent dyes (ATTO 655 and SYBR Gold) in 
our proposed tissue-staining protocol could interfere with downstream FISH assays. However, 
these fluorescent dyes will most likely be bleached and/or washed away by various harsh 
chemicals (e.g. xylenes and alcohols) during the histology process for FISH. 

4. Discussion and conclusion 

We previously demonstrated the basic feasibility of utilizing open-top light-sheet (OTLS) 
microscopy for rapid intraoperative pathology of the surfaces of freshly excised specimens 
stained with acridine orange (nuclear label) [65]. In this report, we describe an optimized OTLS 
microscope and image-processing workflow, along with a robust fluorescent analog of H&E 
staining, for rapid imaging of breast cancer lumpectomy specimens. Furthermore, we compare 
the quality of the pseudo-H&E images generated by our OTLS microscopy system with both 
frozen-section histology and archival FFPE histology. 

As mentioned in the introduction, alternative fresh-tissue microscopy techniques are under 
development for rapid assessments of surgical specimens, such as confocal microscopy [33,53–
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57], nonlinear microscopy [34,58,59], MUSE [39–43], and SIM [37,60–63]. Impressive 
imaging speeds have been demonstrated with some of these techniques, such as confocal 
mosaicking microscopy [57]. However, elaborate tissue flattening and leveling approaches are 
often needed to keep the tissue surfaces within the narrow focal plane of these 2D microscopy 
approaches. As mentioned previously, an advantage of OTLS microscopy is the ability to image 
a thin 3D volume rapidly, such that irregular and tilted specimen surfaces may be digitally 
extracted, which has the potential to simplify the imaging process for certain specimens and 
clinical applications. 

 

Fig. 7. (a) H&E histology and (b) IHC results (ER, PR, and HER2 expression) from different 
control specimens (untouched by OTLS microscopy methods) as compared to those from OTLS 
microscopy-processed counterparts, showing that the OTLS methods do not interfere with 
downstream post-operative H&E histology and IHC analysis. 

The OTLS images obtained in this study show relatively good agreement with conventional 
H&E histology images, but also exhibit differences. Some of these differences may be 
attributed to the use of a fluorescent analog of H&E in which the staining characteristics are 
not chemically identical to conventional H&E. In addition, the topology and cellular contents 
at the surfaces of grossly cut tissues are likely to be different when compared to microtome-
sectioned breast tissues that are formalin fixed and embedded in paraffin (Figs. 5 and 6). For 
example, grossly cut tissue surfaces are likely to contain few, if any, cells that are physically 
cut open, and may also show slightly different glandular components, such as the acini shown 
in Figs. 5(d) and 6(a). In addition, grossly cut specimens may contain tissue debris, irregular or 
soft surfaces that can deform when being flattened and placed on the microscope sample holder, 
while FFPE tissues are rigidly embedded in wax and sectioned without deformation. For 
example, the OTLS images of a duct and a blood vessel shown in Figs. 5(e) and 5(f) appear to 
be flattened and sheared such that some of the luminal surfaces are exposed. Further, the 
adipose tissue (Fig. 5(f)) shows stronger staining with our ATTO 655 NHS staining protocol 
compared to routine H&E staining of tissue sections. We hypothesize that this may be due to: 

                                                                      Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1267 



(1) ATTO 655 NHS ester covalently binding to cytoplasmic proteins in the fat cells while eosin 
being weakly bound to the tissue; (2) the 4-µm-thick FFPE tissue sections being thinner than 
the optical-sectioning thickness (~7 µm) of the OTLS microscope system utilized in this 
particular study, which makes the FFPE tissue sections appear lighter in color. Note that OTLS 
systems with higher resolution have been developed, and may help to mitigate some of these 
issues. 

In this study, we present preliminary results to evaluate the feasibility of translating OTLS 
microscopy into clinical practice for surgical guidance. Future version of the OTLS microscope 
should realistically approximate the size of a laser printer. Future clinical systems should also 
contain an enclosure to protect the optical hardware as well as to reduce ambient light such that 
the OTLS microscope may be used in a standard pathology lab or surgical facility. In terms of 
imaging speed, the current two-channel OTLS imaging speed (1.5 cm2/ minute) is limited by 
the highest frame rate of a state-of-the-art sCMOS camera. As higher-speed detectors become 
available, imaging speeds may be further improved. In the current system, there is a tradeoff 
between the height of the imaging volume (number of pixels in the h dimension in Fig. 3) 
acquired by the sCMOS camera and imaging speed. For imaging breast tissues, which are 
pliable and therefore sit relatively flat on the glass-plate sample holder, a relatively shallow 
image size of 1000-pixels wide by 128-pixels high is used (64 pixels per channel, which 
corresponds to ~80 µm in spatial dimension), which is sufficient to account for most surface 
irregularities, specimen tilt, and tissue debris. Data storage will present another challenge for 
clinical translation. For example, a two-channel OTLS dataset of a 2-cm by 2-cm specimen is 
~81.6 GB large.  We are exploring various methods [90] to compress the OTLS datasets without 
causing significant image degradation. Finally, our current multi-step data acquisition and 
processing pipeline is not well-suited for routine clinical practice and a simpler consolidated 
software package with improved efficiency is necessary. Larger-scale clinical studies are 
needed to fully examine these and other clinical-workflow challenges. 

In the future, the spatial resolution of the OTLS system can be increased to provide better 
imaging of subcellular features, such as nucleoli. However, there will be a trade-off between 
imaging speed and resolution that may not be desired for certain applications, such as 
intraoperative guidance. In particular, since post-operative slide-based histopathology can still 
be utilized after nondestructive OTLS microscopy, the sensitivity and specificity requirements 
of OTLS microscopy may not be as stringent as what is desired for primary diagnosis and 
grading. 

In summary, we have improved and optimized an OTLS system, along with a reliable and 
fast two-color staining method (2.5 minutes), to generate H&E false-colored images of fresh 
breast tissue surfaces within time frames that are conducive to intraoperative use (1.5 
cm2/minute). Our results provide the first comparison between a pseudo-H&E OTLS 
microscopy strategy and both frozen-section and archival FFPE histology. In addition, 
preliminary results suggest that our nondestructive imaging technology is compatible with 
downstream archival H&E histology and IHC analysis, which are currently relied upon for 
definitive clinical diagnoses. While we have described a number of important technical 
advances in OTLS microscopy, and have assessed the basic feasibility of our system for rapid 
pathology of lumpectomy margins, rigorous clinical validation is needed to assess the ability 
to accurately identify various breast pathologies, such as in situ carcinoma, within 
intraoperative time frames. 
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